Typeset using REVT E X 1
Teller and relaxation energies, and hyper ne parameters are calculated for various charge states and compared with available experimental data. The cluster size and the anisotropic nature of the relaxations play key roles in establishing the stability of the structures with large pairing distortions.
Typeset using REVT E X 1 Since the pioneering electron paramagnetic resonance EPR studies of Watkins and Corbett 1 , there have been controversies about the electronic and atomic structures of the divacancy V 2 in crystalline Si. These controversies have revolved around the exact nature of the symmetry-lowering Jahn-Teller JT distortions that split the degenerate deep levels. To date, the sense and the magnitude of these distortions, as inferred from the EPR data and theoretical calculations, have been at variance. This disagreement has created an ongoing debate for the ground state structures of V 2 in Si, and presented a fundamental challenge to understanding this important semiconductor defect.
The ideal simple divacancy, which is created by removing two neighboring Si atoms, has a D 3d symmetry and two doubly degenerate deep levels, labeled e u and e g Fig. 1 . While the e g level is empty, the lower e u level is occupied by one, two, and three electrons for the positively charged V + 2 , neutral V 0 2 , and negatively charged V , 2 divacancies, respectively. As a result of this degeneracy, the lattice distorts to gain electronic energy. Upon symmetry lowering to C 2h , each e level splits into levels labeled a and b. Of these four levels, a g and b u have amplitudes, while a u and b g have nodes on the mirror plane of the C 2h distortion that contains the vacant sites and atoms 3 and 6 in Fig. 1a . The ordering of these four levels inside the band gap depends on the particular sense and magnitude of the distortion.
The EPR experiments of Watkins and Corbett indicated that V + 2 and V , 2 have the low symmetry of C 2h , and the highest occupied levels for both charge states have amplitudes on the mirror plane. They also established that the JT distortions occur in a pairing sense, which results in d 12 Fig. 1d . This so-called resonant-bond" RB con guration reverses the order of the a u and b u levels compared to the pairing JT distortion, so that the highest occupied level in V , 2 : a 2 u b 1 u has amplitude on the mirror plane. For V + 2 , they found a structure with a small pairing JT distortion. Also, Seong and Lewis found a RB con guration as the ground state structure for V 0 2 5 . Although these calculations can explain the wavefunction character of the highest occupied state, the sense of the distortion is in disagreement with the experimental nding of rebonding by pairs 6,7 . In addition, the calculated energy di erence between the RB con guration and the pairing con guration for V , 2 was only 2.4 meV, much too small for a de nite conclusion. states and system sizes containing up to 320 Si atoms. We nd that the highly anisotropic nature of the atomic relaxations and the size of the system simulating the crystalline defect are crucial to establishing the stability of the structures with large pairing distortions.
In our calculations we used the ab initio cluster method, where the bulk defect was sim-ulated from rst principles by bulk-terminated Si clusters. In the past, this method was used successfully to investigate the structural energetics of monovacancies in Si 9 . Our calculations were performed in real space using the higher-order nite di erence pseudopotential method 10 . To model the divacancy, we used hydrogen-passivated clusters with N sh = 4 to 17 complete shells of Si atoms around the divacancy. In order to take into account the anisotropic nature of the relaxations without making the number of atoms prohibitively large, we also considered a prolate cluster with incomplete shells from N sh = 1 3 t o 25, which included atoms along directions with the largest atomic relaxations. The atomic compositions and sizes of all clusters considered are given in Table I . Our calculations were performed within the local density approximation 11 using nonlocal pseudopotentials 12 .
The grid spacing was chosen to be0.75 a.u. Only Si atoms fully coordinated with other Si atoms were relaxed. The numberof relaxed Si atoms is also given in Table I . The size dependence of the relaxations in the rst shell with a constrained D 3d symmetry breathing mode distortions only is shown in Figure 2 . For all charge states, the relaxations are inward towards the vacant sites, and gradually increase in magnitude as the charge state changes from + to 2,. The size of the system is crucial in determining the magnitudes of the relaxations, which c hange by a s m uch as 0.21 A upon increasing N sh from 4 to 17. We nd the converged displacements R 1 A, the relaxed geometry is 0.27 eV higher in energy compared to the structure with the small pairing distortion. These are the same observations as those of Saito and Oshiyama 7 from their supercell calculations. Hence, the fact that they could not nd an energetically stable structure with large pairing distortions for V , 2 should have been attributed to the use of a small 64-atom supercell, which does not allow long-ranged relaxations associated with large pairing distortions.
With the divacancy pointing along the 111 direction, the general pattern of the relaxations can bedescribed as an anisotropic and long-ranged propagation along the zigzag chains of atoms in the 110 direction, which decays along the 111 direction on either side of the vacant sites. The largest relaxations occur along the two zigzag chains, each of which contains the two paired atoms, e.g. atoms 1 and 2 in Fig. 1a , and the vacant site nearest to them. Figure 3 shows for the case of V , 2 the strikingly large magnitude and long-ranged character of the relaxations along one of these two zigzag chains relaxations along the other chain not shown are identical by symmetry. As seen in Fig. 3a , the atoms with the same shell index in the upper chain relax mainly towards each other by 0.53 A in the rst shell decaying to 0.07 A for atoms as far as 11.5 A away from the vacant site. The two atoms not shown in this gure, which also have large displacements of 0.25 A, are in the rst shell around the divacancy atoms 3 and 6 in Fig. 1a . These atoms relax inwards mainly along the 112 direction. The relaxations for the lower zigzag chain of atoms, half of which are bonded to the upper chain atoms by bonds along the 111 direction therefore, not on the same plane as the upper-chain atoms, are relatively smaller Fig. 3b . While almost all atoms relax inwards, a few atoms such as the two atoms in the fourth shell relax outwards by 0.05 A. These observations suggest that the relaxations associated with the large pairing distortions in V 2 are very anisotropic and long-ranged along particular directions. As such, a large system size, which should be preferably anisotropic in order not to make the number of atoms much too large, is needed to simulate V 2 . The prolate Si 246 H 186 divacancy cluster is one such cluster generated from Si 206 H 158 with atoms added along the two zigzag chains shown in Fig. 3 . Upon addition of atoms along these chains, the energetic stability of the structure is enhanced, and displacements can increase by as much as 0.1 A. In contrast, we nd that the relaxations for V , 2 with a RB distortion are not only relatively small largest R = ,0:36 A in the rst shell, but also decay much faster away from the divacancy.
We also calculated relaxation energies E r and Jahn-Teller energies E JT for all charge states of V 2 . We nd E r = 0 :75 eV, 1. Table  III along with the experimental data 1,14 . In general, the agreement b e t ween experimental and theoretical hyper ne parameters and wavefunction characters is very good. Instead, our calculations for the isotropic hyper ne parameters of V , 2 with a relaxed RB distortion yield a = 289 and 85 MHz at atomic sites 1 and 2, respectively, which are much too large compared to the experimental values of 195 and 32 MHz. These observations, along with the JT energies, provide further evidence that the calculated structures with large pairing distortions indeed correspond to the experimentally observed ground state structures.
In summary, w e i n vestigated the atomic and electronic structures of various charge states of the divacancy in crystalline Si from rst principles using large-scale cluster calculations. For the rst time in a theoretical study of this defect, we nd that the relaxed geometries for V + 2 , V 0 2 , and V , 2 exhibit large pairing JT distortions in agreement with EPR experiments. These structures are energetically stabilized upon using large system sizes to accommodate the long-ranged and anisotropic pattern of the relaxations. The calculated JT energies, wavefunction characters, and hyper ne parameters are found to be in good agreement with experiment. Hence, our study resolves the theoretical controversy regarding the atomic and electronic structures of the divacancies in Si, and con rms the experimental interpretations of Watkins and Corbett from nearly thirty v e years ago.
We would like to thank Claudia Troparevsky for useful discussions. This work was supported by the National Science Foundation and the Minnesota Supercomputing Institute. 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 00 00 00 00 11 11 11 11 0000000 0000000 0000000 0000000 0000000 Ogut and Chelikowsky, Figure 1 
